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Abstract

Adsorption of phenolic compounds from aqueous solution to a macroporous polymeric adsorbent (CHA-111), its animated derivative
(MCH-111) and a reference weakly anion exchanger (ND-900) was studied. Experimental results indicated that amino functional groups on
t ydrogen
b tion and its
r n potential
t
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he polymeric matrix play an important role in phenol adsorption by MCH-111 and ND-900, which was attributed to the formation of h
onding between the phenol molecule and the amino group on the polymeric matrix. The semi-empirical Freundlich isotherm equa
educed form were employed to interpret the adsorption behavior. A site energy distribution model based on the Polanyi adsorptio
heory can elucidate the adsorption mechanism reasonably.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Phenolic compounds are commonly encountered organic
ontaminants in environmental systems[1]. Effective treat-
ent of industrial wastewater containing these chemicals

hould be required before discharge into the receiving water
ody[2–7]. Adsorption of phenolic compounds on activated
arbon and various oxidation processes have been considered
s a potential treatment technique[8], and adsorption of phe-
ols and other weak electrolytes on activated carbon has been
iscussed elsewhere[9–12]. In recent years, polymeric ad-
orbents have been increasingly regarded as an alternative to
ctivated carbon due to their feasible adsorption–regeneration
roperties and perfect mechanical intensity. A macroporous
ypercrosslinked polymer CHA-111 was reported to be ideal

or removing phenols and other compounds from aque-
us solution[13,14]. Since the invention of the hyper-
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E-mail address:bcpan@nju.edu.cn (B.C. Pan).

crosslinked polymeric adsorbent by Danvakov and Tsyu
[15,16], it has achieved wide applications in many fie
such as separation and analysis because of its uniqu
sorption properties including ideal pore structure and
ious surface functional groups available. These functi
groups introduced to the polymer matrix are able to m
ify the surface chemistry of the adsorbent allowing spe
adsorbent–adsorbate interactions and then to improve ad
tion behavior of organic compounds[7,17]. Specifically, re
search has focused on surface chemical modification b
troducing acetyl ando-carboxybenzoyl groups[18], benzoy
and hydroxymethyl functionalities[19] onto the polymeri
matrix.

The current study was aimed at chemical modifica
of CHA-111 by amination reaction to improve the adso
tion behavior for phenolic compounds. Adsorption isothe
were analyzed using the semi-empirical Freundlich m
and its reduced form. A site energy distribution model ba
on the Polanyi adsorption potential theory was employe
describe the adsorption behavior on polymeric adsorbe
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2004.10.027
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Table 1
Some physical and chemical characteristics of phenolic compounds

Substance Phenol p-Cresol p-Nitrophenol p-Chlorophenol 2,4-Dinitrophenol 2,4-Dichlorophenol

pKa (298 K)a 9.89 10.17 7.15 9.18 3.96 7.85
Solubility (%)b 7.65 1.92 1.05 2.53 0.033 0.54
Adsorbate-covered area (×105 m2/mol)c 3.00 – 4.26 3.63 5.15 4.21
λmax (nm) 270 276 223 280 262 285

a Taken from reference[21].
b Measured at 298 K.
c Obtained from reference[22].

2. Experimental

2.1. Adsorbents

A macroporous hypercrosslinked polymeric adsorbent
CHA-111 and a weakly basic exchanger ND-900 were
obtained from Langfang Electrical Resin Co. Ltd., Hebei
Province, China. The amination process of adsorbent CHA-
111 is described elsewhere[20], and the aminated derivative
was labeled as MCH-111. All the adsorbents were extracted
by ethanol for 8 h in a Soxlet apparatus and then dried un-
der vacuum at 325 K for 3 h before use. Surface area and
pore-size distribution of the adsorbents were analyzed with a
Micromertics 2010C automatic analyzer (USA).

2.2. Adsorbates

All the phenolic compounds tested in this study were pur-
chased from Shanghai Chemical Reagent Station (Shanghai,
China) and used without further purification. Their physical
and chemical characteristics are listed inTable 1.

2.3. Adsorption isotherms

Batch adsorption tests were carried out using the bottle-
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2.4. Isotherm modeling

The semi-empirical Freundlich equation was employed to
describe the adsorption data for phenolic compounds[8]:

Qe = KFCn
e (2)

whereKF is the Freundlich parameter for a heterogeneous
adsorbent;n is related to the magnitude of the adsorption
driving force and the site energy distribution of the adsorbent.

Generallynrepresents the heterogeneity of site energy dis-
tribution in the adsorbents whileKF is generally interpreted
as a “capacity” parameter[23]. The above isotherm parame-
ters can be determined graphically by plotting lnQe against
lnCe according to Eq.(2).

3. Results and discussion

3.1. Characterization of the polymeric adsorbents

Characterization of the three polymeric adsorbents used
in this study is presented inTable 2. The average size of the
aminated polymeric particle was found identical to the orig-
i ased
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ointed method as follows: 0.25 g of each adsorbent was
dded to a 250-mL flask containing 100 mL of aqueous
ol solution of known concentration. The flask was then tr

erred to a G 25 model incubator shaker (New Brunswick
ntific Co., USA) preset at desired temperature. The sa
as shaken at 200 rpm for 24 h to ensure adsorption eq

ium. The concentrations of phenols in equilibrium (Ce) were
etermined. The initial concentrations (C0) of the solutions
ange from 200 to 1400 mg/L depending on their solub
n water. The adsorbent-phase concentrations of adso

e (mg/g) were calculated by conducting a mass balanc
henol using the following equation:

e = V1(C0 − Ce)

W
(1)

hereV1 is the volume of solution andW is the mass of dr
esin.

The concentrations of adsorbates were analyzed sp
etrically with a Helious Betra UV–vis spectrometer (U

am Co., UK) at different wavelengths as required.
nal one. However, the BET surface area slightly decre
rom 721.5 to 671.5 m2/g adsorbent. The loss of macrop
olume (from 0.36 to 0.16 cm3/g) indicates that amination o
urs mainly in the macroporous region. The highest con
f amino groups exists on ND-900 among these adsorb
hile its BET surface area and micropore volume are

owest.

able 2
haracteristics of the polymeric adsorbents

olymeric adsorbent CHA-111 MCH-111 ND-900

tructure Polystyrene Polystyrene Polystyr
ET surface area (m2/g) 721.5 671.5 31.8
rosslinking density (%)a >40 >40 ∼8
acropore volume (cm3/g) 0.36 0.16 0.28
esopore volume (cm3/g) 0.028 0.028 0.0002
icropore volume (cm3/g) 0.42 0.40 0.0028
verage pore diameter (nm) 1–2 1–2 8–10
ertiary amino group (mmol/g) 0 1.534 3.781
a Provided from the manufacturer.
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Fig. 1. Adsorption isotherms of phenolic compounds on CHA-111 and MCH-111.
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Fig. 1. (Continued).
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Table 3
Freundlich isotherm parameters for phenol adsorption on the polymeric
adsorbents

Adsorbate Adsorbent lnKF n R2

Phenol CHA-111 1.67 0.541 0.995
MCH-111 1.97 0.494 0.998
ND-900 0.265 0.659 0.998

p-Cresol CHA-111 3.14 0.413 0.998
MCH-111 3.20 0.372 0.996
ND-900 −0.833 0.765 0.999

p-Chlorophenol CHA-111 3.28 0.422 0.992
MCH-111 3.51 0.389 0.993
ND-900 2.11 0.565 0.999

p-Nitrophenol CHA-111 2.95 0.457 0.993
MCH-111 3.60 0.431 0.986
ND-900 3.52 0.402 0.999

2,4-Dichlorophenol CHA-111 4.49 0.323 0.994
MCH-111 4.58 0.292 0.970
ND-900 2.46 0.543 0.999

2,4-Dinitrophenol CHA-111 3.55 0.554 0.997
MCH-111 4.78 0.268 0.999
ND-900 4.97 2.44 0.994

3.2. Freundlich adsorption isotherms

Graphic presentations of the adsorption isotherms are il-
lustrated inFig. 1, and the isotherm parameters based on
Eq. (1) are listed inTable 3. As shown inTable 3, for the
adsorption of all the adsorbates on MCH-111,KF increases
asn decreases. The increase inKF of the aminated adsor-
bent corresponds to more active sites while the decrease in
n may be regarded as increased surface heterogeneity afte
animation. For adsorption of phenolic compounds on MCH-
111, the acid–base interaction should be taken into account

by the following schematic representation and the phenolic
molecules would be bounded on the polymeric surface by
such interaction[20,24–26]:

where R is the polymeric backbone; and HA is the phenolic
adsorbate.

According to the different adsorption capacity on CHA-
111 and MCH-111 (shown inFig. 1), the positive effect
of amino group can be observed on adsorption capacity
of phenolic compounds with lower pKa values, such asp-
nitrophenol and 2,4-dinitrophenol, while a negligible or even
negative effect occurs for pheolic compounds with higher
pKa values, such as phenol and cresol. When adsorption
from aqueous solution on MCH-111 is considered, water
molecules can also occupy the amino group by hydrogen-
bonding interaction and form water clusters near the func-
tional groups. Effective adsorption of phenolic molecules on
the amination sites occurs only after expelling the water clus-
ter occupied before. Those with lower pKa values present
stronger acid–base interaction to expel the occupied water
cluster for their higher polarity, and a positive effect will be
observed on them. Lower adsorption capacity forp-cresol on
MCH-111 than CHA-111 may be attributed to its negligible
h ume
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Fig. 2. Adsorption isotherm
r

ydrogen-bonding interaction and the loss of pore vol
fter amination of CHA-111 (as listed inTable 2).

For phenol adsorption on ND-900, hydrogen-bonding
eraction is assumed to play a dominant role because
egligible micropore volume as compared with CHA-1
nd MCH-111. As shown inFig. 2, Qe of 2,4-dinitropheno
n ND-900 is the largest while that ofp-cresol is the smalle
mong all the tested compounds. This difference is cons

enolic compounds on ND-900.
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Fig. 3. Reduced Freundlich isotherms of phenol adsorption on CHA-111 and MCH-111.

with the order of pKa values and the strongest affinity occurs
between 2,4-dinitrophenol and ND-900 while the weakest
affinity occurs forp-cresol.

3.3. Modified Freundlich adsorption isotherm

In general, adsorption involves the accumulation of
molecules from a solvent onto the exterior and interior (i.e.
pores) surfaces of an adsorbent. This surface phenomenon is
a manifestation of complicated interactions among the three
components involved, i.e. the adsorbent, the adsorbate and
the solvent. Normally, the affinity between the adsorbent and
the adsorbate is the main interaction force controlling adsorp-
tion. However, the adsorbate–solvent affinity can also play a
significant role in adsorption. In order to account for such

affinity, the normalized adsorbate concentration (Ce/Cs) is
used to describe the modified Freundlich equation as[22,27]:

Qe = K′
F

(
Ce

Cs

)n

(4)

The isotherm data were replotted usingQe (mmol/g) ver-
sus the normalized aqueous concentration and are presented
in Fig. 3.Fig. 3shows that almost all the adsorption isotherms
of phenolic compounds on CHA-111 and MCH-111 overlap
except for part ofp-nitrophenol and 2,4-dinitrophenol. This
observation is similar to that reported by Urano et al. that
the adsorption isotherms for substituted benzoic acids from
aqueous solution on GAC were approximately overlapped on
each other[27].
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Fig. 4. Site adsorption energy distribution of phenolic compounds on the polymeric adsorbents.
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Table 4
Dipole moment data of some substituted benzenes in gas phase[28]

Compounds Dipole moment (D)

C6H6 0
C6H5CH3 0.37
C6H5Cl 1.75
m-C6H4Cl2 1.68
C6H5NO2 4.28
m-C6H4(NO2)2 4.25

Generally,�–� interactions between aromatic rings of ad-
sorbates and polymeric matrix play an important role in ad-
sorption of phenolic compounds on CHA-111. The electron
density of aromatic ring should be taken into account for its
effect on�–� interactions. It is well known that the sub-
stituted groups can either strengthen or weaken the electron
cloud distribution on aromatic rings in accordance with their
different dipolar properties.Table 4lists the dipole moment
data of several substituted benzenes in the gas phase. Both
nitro and 2,4-dinitro groups will be expected to have stronger
effects on�–� interactions due to their high dipole moment,
as compared with methyl, chloro and 2,4-dichloro groups.
Thus, the isotherms ofp-nitrophenol and 2,4-dinitrophenol
deviate substantially from others. The size exclusion (steric)
effect should also be taken into account in the deviation.
Larger molecular sizes of nitrophenols cause them to oc-
cupy more area on the adsorbent surface, which results in the
lower adsorption capacity[22]. Forp-nitrophenol adsorption
on MCH-111, such deviation becomes negligible due to the
positive effect on capacity by the hydrogen bonding interac-
tion.

3.4. Effect of amination on site energy distribution

The basic integral equation underlying the theory of het-
erogeneous surface[29] is:

Q

b tically
h -
q e
i ption
e tion
p n-
t

C

w ol-
v
t nd
E

te
e is

isotherm,Q(E* ), with respect toE* as follows:

F (E∗) = −dQ(E∗)

dE∗ (7)

Incorporation of Eq.(6) into the Freundlich equation fol-
lowed by differentiation with respect toE* (Eq.(7)) yields:

F (E∗) = KFnCn
s

RT
exp

(−nE∗

RT

)
(8)

Fig. 4 illustrates the correlation betweenF(E* ) andE* of
phenol adsorption on two adsorbents including the adsorp-
tion isotherms for comparison. The isotherms are in good
agreement with theF(E* )–E* curves. For example, adsorp-
tion isotherms of phenol on both adsorbents overlaps and the
F(E* )–E* curves for phenol adsorption overlaps simultane-
ously, while adsorption capacity ofp-nitrophenol on MCH-
111 is greater than CHA-111 and the similar results can also
be obtained from theF(E* )–E* curves. Therefore, the Polanyi
adsorption potential theory can reasonably describe phenol
adsorption on CHA-111 and MCH-111.

4. Conclusions

Chemical modification of a macroporous adsorbent CHA-
1 am-
i ith
l 111
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a cules.
T form
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02)

996)
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l. 39

0.
e(Ce) =
∫ ∞

0
Qh(E, Ce)F (E)dE (5)

This equation defines the total adsorption (Qe) of a solute
y a heterogeneous surface as the integral of an energe
omogeneous isotherm (Qh) multiplied by a site energy fre
uency distribution (F(E)) over a range of energies, wherE

s the difference between the solute and solvent adsor
nergies for a given site. According to the Polanyi adsorp
otential theory[30], the equilibrium liquid-phase conce

ration is related to the energy of adsorption by:

e = Cs exp −
(

E − Es

RT

)
= Cs exp

(−E∗

RT

)
(6)

hereCs is the maximum solubility of the solute in the s
ent,Es the adsorption energy corresponding toCe =Cs, R
he universal gas constant,T the absolute temperature a
* =E−Es.

By incorporation Eq.(6) into Eq.(5), an approximate si
nergy distribution,F(E* ), is obtained by differentiating th
11 with dimethylamine was carried out to obtain an
nated derivative MCH-111. For phenolic compounds w
ower pKa values, higher adsorption capacities on MCH-
han CHA-111 were observed due to hydrogen bonding i
ctions between the amino groups and adsorbate mole
he semi-empirical Freundlich equation and its reduced
llowed for interpretation of the adsorbent–adsorbate i
ction. A site energy distribution model based on the Po
dsorption potential theory is consistent with the isoth
ata for both adsorbents and can reasonably elucida
dsorption mechanism.

cknowledgements

The authors would like to acknowledge Changzhou P
hemical College for characterizing the adsorbents us
his study.

eferences

[1] W. Cichy, J. Szymanosdki, Environ. Sci. Technol. 36 (20
2088–2093.

[2] S.J. Swvertson, S. Banerjee, Environ. Sci. Technol. 30 (1
1961–1969.

[3] A. Monique, K.K. Ravi, B. Stephen, Appl. Clay Sci. 13 (199
13–20.

[4] C. Bransquet, E.L. Subrenat, P. Cloirec, Water Sci. Techno
(1999) 201–205.

[5] M.C. Diez, M.L. Mora, S. Videla, Water Res. 33 (1999) 125–13
[6] Y. Ku, K.C. Lee, J. Hazard. Mater. 80 (2000) 59–68.



B.C. Pan et al. / Journal of Hazardous Materials B121 (2005) 233–241 241

[7] A.M. Li, Q.X. Zhang, J.L. Chen, Z.H. Fei, C. Long, W.M. Li, React.
Funct. Polym. 49 (2001) 225–233.

[8] S.H. Lin, Y.H. Cheng, J. Hazard. Mater. 70 (1999) 21–37.
[9] G. Muller, C.J. Radke, J.M. Prausnitz, J. Phys. Chem. 84 (1980)

369–374.
[10] G. Muller, C.J. Radke, J.M. Prausnitz, J. Colloid Interface Sci. 103

(1985) 466–483.
[11] G. Muller, C.J. Radke, J.M. Prausnitz, J. Colloid Interface Sci. 103

(1985) 484–492.
[12] A. Derylo-Marczewska, Langmuir 9 (1993) 2344–2352.
[13] Z.Y. Xu, Q.X. Zhang, C.L. Wu, L.S. Wang, Chemosphere 35 (1997)

2269–2276.
[14] Z.Y. Xu, Q.X. Zhang, J.L. Chen, L.S. Wang, G.K. Anderson, Chemo-

sphere 38 (1999) 2003–2011.
[15] V.A. Danvakov, M.P. Tsyurupa, Pure Appl. Chem. 61 (1989)

1881–1888.
[16] V.A. Danvakov, M.P. Tsyurupa, React. Polym. 13 (1990) 27–42.
[17] W.T. Andrzej, S. Michael, N.K. Bozena, React. Funct. Polym. 46

(2001) 259–271.
[18] N. Masque, M. Galia, R.M. Marce, F. Borrull, J. Chromatogr. A 771

(1997) 55–61.

[19] P.J. Dumont, J.S. Fritz, J. Chromatogr. A 691 (1995) 123–131.
[20] B.C. Pan, Y. Xiong, A.M. Li, J.L. Chen, Q.X. Zhang, X.Y. Jin,

React. Funct. Polym. 53 (2002) 63–72.
[21] D.R. Lide (Ed.), Handbook of Chemistry and Physics, 80th ed., CRC

Press, 1991, p. 8–46–48.
[22] E.G. Furuya, H.T. Chang, Y. Miura, K.E. Noll, Sep. Purif. Technol.

11 (1997) 69–78.
[23] C.C. Margaret, E.K. James, J.W. Walter, Environ. Sci. Technol. 29

(1995) 1773–1780.
[24] H.M. Anasthas, V.G. Gaikar, React. Funct. Polym. 47 (2001) 23–35.
[25] S. Cornelia, H. Jurgen, H.H. Wolfgang, React. Funct. Polym. 49

(2001) 117–132.
[26] B.C. Pan, Y. Xiong, Q. Su, A.M. Li, J.L. Chen, Q.X. Zhang, X.Y.

Jin, Chemosphere 51 (2002) 953–962.
[27] K. Urano, Y. Koichi, Y. Nakazawa, J. Colloid Interface Sci. 81 (1981)

477–485.
[28] H.W. Hu (Ed.), Organic Chemistry, Higher Education Press, Beijing,

1989, p. 193.
[29] M.C. Carter, J.E. Kilduff, W.J. Webber, Environ. Sci. Technol. 29

(1995) 1773–1780.
[30] M. Manes, L.J.E. Hofer, J. Phys. Chem. 73 (1969) 584–590.


	Adsorption of phenolic compounds from aqueous solution onto a macroporous polymer and its aminated derivative: isotherm analysis
	Introduction
	Experimental
	Adsorbents
	Adsorbates
	Adsorption isotherms
	Isotherm modeling

	Results and discussion
	Characterization of the polymeric adsorbents
	Freundlich adsorption isotherms
	Modified Freundlich adsorption isotherm
	Effect of amination on site energy distribution

	Conclusions
	Acknowledgements
	References


